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INTRODUCTION 
Soil compaction may be defined as the pressing together 
of soil particles resulting in an increase in bulk density by 
a reduction of pore space. From the viewpoint of highway and 
earth dam construction, soil compaction may be desirable; 
however, when the soil is to be used as a medium for plant 
growth, compaction may be undesirable. 
The main interest here will be compaction of soil as 
related to plant growth. Thus, not only will the densifica-
'tion of soil upon compaction be considered but also the 
associated problems concerning mechanical impedance to plant 
roots, storage of air and water, movement of air and water, 
and alterations in the strength and thermal conductivity of 
the soil. These associated problems are generally independent 
of the compacting force whether it be that of a heavy imple­
ment, of a heavy soil overburden, of falling raindrops, or of 
other means. 
All information available to date on soil compaction and 
plant growth indicates that the problems associated with soil 
compaction are highly involved and complex. One could visu­
alize a number of physical effects of compaction on plant 
growth which might operate simultaneously. First, a plant 
growing in a compact soil could absorb water from the soil in 
the immediate vicinity of its roots resulting in an increase 
2 
in the soil strength which could in turn mechanically impede 
further root growth. Second, since compaction causes a de­
crease in the hydraulic conductivity of the soil, then water 
removed by plants would thus not be readily replenished and, 
as a result, a water stress in the plants may develop. Third, 
compaction reduces the rate of infiltration of water into the 
soil resulting in erosion losses and accumulation of water in 
low areas both of which may reduce plant growth. Fourth, 
compaction may cause a reduction in the rate of gas diffusion 
through the soil which would bring about reduced oxygen con­
centration of the soil atmosphere and an accumulation of 
carbon dioxide. Thus, the plant may receive insufficient 
oxygen to grow and develop properly. The net result of the 
simultaneous influence of these four factors could be reduced 
plant growth caused by the integrated effect of impedance, 
moisture stress, erosion, and poor aeration. 
It is apparent that the effects of soil compaction on 
plant growth will be greatly influenced by weather, particu­
larly the moisture regime. Thus, it is highly desirable, 
when studying the effects of soil compaction in field plots, 
to have control over the application of water. In the humid 
region, this can be accomplished with a plot shelter to pro­
tect the area during periods of rainfall. With this in mind, 
an automatic rainfall shelter, which we shall call a plot 
shelter or shelter, was constructed. Field investigations, 
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using the shelter, were initiated to study the effects of 
soil compaction on corn growth under controlled moisture con­
ditions. Laboratory investigations were also conducted. 
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REVIEW OF LITERATURE 
General 
A survey of the literature indicates that the general 
subject of soil compaction has been well documented. A num­
ber of comprehensive bibliographies and literature reviews on 
soil compaction are available. Some important articles are 
the ASAE annotated bibliography on soil compaction (2), the 
recent ASAE summary on soil compaction (1 ), and literature 
reviews by Lutz (19), by Raney et al. (25), and by Lull (18). 
Recently Phillips (21) reviewed soil compaction literature 
for his Ph. D. dissertation. The present review will attempt 
to avoid unnecessary duplication of the review by Phillips 
and devote special attention to recent literature pertinent 
to the current investigation. 
The literature indicates that soil compaction and its 
associated problems are very complex and no simple solution 
is likely to be forthcoming. Raney and Edminster (24) sug­
gest that full analysis of the compaction problem will 
require the teamwork of scientists from many disciplines. 
The ASAE symposium (1) on agronomic and engineering approaches 
to the soil compaction problem is an excellent example of a 
multidiscipline approach. 
Complexity of the compaction problem is evident in that 
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soil compaction decreases air and water permeability, in­
creases mechanical strength, and alters thermal conductivity. 
Since compaction influences a great number of the physical 
properties of the soil, it is difficult, and generally impos­
sible, to separate the direct mechanical effects of compaction 
from the indirect effects upon soil water, air, and tempera­
ture. 
Another factor which complicates the study of the 
densification of soil compared with other porous media is 
the ability of soil to swell or shrink upon the addition or 
removal of water. This makes weather a very important 
variable in soil compaction investigations and artificial 
weather control has been attempted as will be seen. 
Soil Compaction Research Methods 
Wooltorton (45) has pointed out that the method of com­
paction can have a significant influence upon the stability 
and shear strength of a compacted soil. A soil test used in 
highway design is the California Bearing Ratio (CBR). The 
value measured is the load or resistance of a plunger to 
penetration of a compacted sample of soil. This value may be 
considered an indication of the strength of the material. 
CBR data obtained for samples prepared by static compaction 
may be very different from data obtained by other methods 
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such as kneading. It seems, from these data, that for a 
given density and moisture, compaction of soil as by tractor 
tires may have a widely different effect upon its physical 
properties than compaction by a static load. 
The problem of field compaction by tractor tires and 
tillage machinery has been extensively investigated at the 
National Tillage Machinery Laboratory located at Auburn, 
Alabama. Reaves and Cooper (26) have investigated stress 
distributions under tractor tires. They report some evidence 
which indicates that these distributions may be independent 
of soil type and may behave as true potential functions. 
Numerous laboratory compaction methods have been used. 
The most common method is to tamp a given weight of soil into 
a container of known volume. An experienced person can 
repeatedly achieve a given average bulk density. Recent 
improved methods of measurement of soil bulk density using 
gamma radiation make possible determination of the density 
distribution throughout a soil core. Davidson^ reports that 
hand packed columns show considerable variation in bulk 
density as measured by gamma radiation although the average 
bulk density may be reproducible. 
Rosenberg (28, 29) describes a vibro-compaction method 
in which a commercial vibrator was used. The vibrator is 
"'"Davidson, James, Davis, California. Gamma-ray 
densitometry. Private communication. 1962. 
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particularly useful in the preparation of a wide range of 
bulk densities without undue disruption or breakdown of the 
soil aggregates. Soil dry-bulk densities ranging from 1.08 
O 
to 1.95 g/cm have been achieved using this vibrator device. 
Recently a mechanized device for packing soil columns 
has been developed by Jackson et al. (13). This device 
utilizes a motorized rotating tremie and a vibrator block 
assembly which will pack soil columns to a uniform density 
rapidly and reproducibly. Measurement of the rates of 
advance of the wetting front for different columns packed 
to the same bulk density shows that the columns packed by 
this device are uniform and reproducible. This device should 
greatly aid unsaturated flow studies which have been hampered 
due to the lack of a satisfactory method of preparing dupli­
cate samples of uniformly packed soil columns. 
There are several approaches to soil compaction research. 
A common engineering approach is to consider the soil as a 
porous media and proceed to measure stress-strain relation­
ships under various inputs of energy or compactive effort. 
Bekker (3) and Vanden Berg (40) discuss the methods used in 
applied mechanics to determine the compacted state of a soil 
mass. They propose development of a plant mechanics theory 
which would relate plant growth to deformations and strengths 
of soils. 
A converse approach is to consider the soil as a medium 
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for plant growth and to investigate the effects of soil com­
paction upon plant growth. Lutz (19) discusses in detail the 
mechanical impedance effect upon plant growth. The indirect 
effects of soil compaction upon plant growth are discussed by 
Richards and Wadleigh (27) and Russell (32) under the heading 
of soil water and plant growth and soil aeration and plant 
growth. 
Certain special techniques which have been used to 
investigate the effects of soil compaction are worthy of 
consideration. Telfair et al. (38) used a "buried core" 
technique to study changes which compacted soil cores may 
undergo due to type of cover, organic matter content, and 
action of soil organisms. They found that added organic mat­
ter resulted in increased soil organism activity and increased 
aggregate stability. A platy structure developed in these 
buried cores as a result of wetting and drying. 
Trouse and Humbert (39) studied the effects of soil com­
paction on the development of sugar cane roots using radio­
active rubidium placed in the center of compacted soil cores. 
Each core was completely surrounded with uncompacted soil of 
the same type. At different stages of cane growth, rubidium-
86 counts were made to determine the presence of roots in the 
compacted cores and the effectiveness of absorption by these 
roots. These studies indicated a decrease in rooting effi­
ciency with increasing soil density. Critical soil densities 
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for rooting of sugar cane were empirically established for 
the principal soils of Hawaii under sugar cane cultivation. 
Taylor and Gardner (36) used wax substrates for simulated 
plastic pans to study the ability of plant roots to penetrate 
nonporous materials of various rigidities. They found a def­
inite relationship between the percentage of roots penetrating 
the substrate and the wax rigidity measured by ASTM penetra­
tion number. Root penetrability under a given treatment 
usually increased as the penetrability of the wax substrate 
increased. 
Wiersum (44) studied pore size and rigidity in relation 
to the penetration of several plant seedling roots. He used 
sintered glass filter discs of different pore sizes to pro­
vide a rigid pore structure. He found certain pore sizes 
below which various plant roots would not penetrate. From 
this he concluded that pore size was the important factor 
limiting root penetration. Phillips and Kirkham (22) studied 
corn seedling root penetration using the technique which 
Wiersum had used. Their results for corn were in agreement 
with the results found by Wiersum for other plant species. 
The Effect-of Soil Compaction on the Storage 
and Movement of Soil Air and Water 
Since the storage and movement of both air and water in 
soil depend upon the characteristics of the soil pore system, 
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the effect of compaction upon the characteristics of the soil 
pores will be considered. Increasing the bulk density of a 
soil results in a change in pore size distribution toward a 
smaller proportion of larger pores. Franz (7), in a review, 
states that from the standpoint of the physical properties of 
the soil, it is not the total volume of pore space but rather 
the distribution of the different classes of pores which is 
of greatest interest. Large pores drain more easily than 
small pores and since the drained pores serve as reservoirs 
for soil gases and as pathways for soil gas movement, then 
high compaction tends to limit movement of air and water. 
The capillary size pores hold the water against the force 
of gravity and a large part of the plant available water is 
stored in them. 
Taylor (37) has shown that oxygen diffusion is strongly 
influenced by degree of compaction. He attributed the effect 
to the reduction of total air-filled pore space by compaction. 
Since a soil's physical suitability for crop production 
depends so heavily upon its air-moisture relationships, 
several attempts have been made to specify minimum air and 
water conditions suitable for plant growth. Vomocil and 
Flocker (42) presented the following table which shows the 
soil air space at which plant growth or yield suffered 
appreciable reduction. 
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Table 1. Soil air space at which plant growth or yield 
suffered appreciable reduction 
Crop Air space 
percent 
Apples 5 - 10 
Corn (field) 5.4 - 11 
Corn (sweet) 14 
Potatoes 12 - 14 
Sugar beets 7 - 12 
Sugar cane 9 - 10 
Sunflowers 10 
Tomatoes 15 
Oxygen diffusion values considered limiting to root 
development or plant growth have been reported. Lemon and 
Erickson (17) suggested that an oxygen diffusion value, 
determined by the platinum microelectrode technique, of 20 
to 30 x 10 g/cm/min was critical for tomato growth. 
Using a similar technique, Bertrand and Kohnke•(4) found 
wQ O 
an oxygen diffusion rate of 20 to 30 x 10 g/cm /min to be 
critical for corn root growth. 
Stolzy et al. (35) studied root growth and diffusion 
rates as functions of oxygen concentration. Snapdragon plant 
shoots were planted in Yolo silt loam which had been treated 
with 0.15 percent Krilium and packed into Plexiglas cylinders. 
The oxygen concentration of the air above the soil in the 
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cylinders was controlled to give treatments of 0.7, 2.0, 3.8, 
8.2, 9.0, 11.3, 14.8, and 21.0 percent oxygen. Root growth 
for each treatment was marked daily on the sides of the 
cylinders. Oxygen diffusion rate measurements with the 
platinum microelectrode technique were made periodically 
through ports in the side of the cylinders. They found that 
root initiation was reduced or stopped when oxygen diffusion 
rates in the soil were in the range of 18 to 23 x 10 ® 
n 
g/cm /min. 
From these investigations, involving a variety of 
plants, the general consensus of opinion is that conditions 
in the soil which restrict oxygen diffusion through the 
liquid phase to a rate less than 20 x 10 ® g/cm^/min may 
limit plant root growth. 
Gill and Miller (10) measured root growth rates for corn 
seedlings under various oxygen concentrations. Germinated 
corn seeds were placed in a small growth chamber and covered 
with 50 micron glass beads. Gas of known oxygen concentra­
tion was continuously passed through the chamber. Their 
results showed that corn seedling root growth over a period 
of less than a week was reduced approximately 50 percent when 
the oxygen concentration in the growth chamber was reduced 
from 10 to 5 percent. 
The influence of soil compaction upon water infiltration 
rate is of considerable significance. Parker and Jenny (20) 
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observed that water infiltration into soil cores decreased 
as the core densities increased. Steinbrenner (34) measured 
the infiltration rate of a forest soil after repeated passes 
with a tractor under summer and winter logging conditions. 
He found an 80 percent reduction in infiltration rate and a 
50 percent reduction in macroscopic pore space after four 
passes of a tractor on a dry soil; but when the soil was wet, 
one trip had the same effect. 
Vomocil and Blocker (42) state that an infiltration 
rate of 0.1 inch per hour or less is generally not considered 
satisfactory. 
Soil Compaction and Mechanical Impedance 
The most direct effect of soil compaction upon plant 
growth is mechanical impedance of the plant roots. Plant 
roots must overcome the mechanical strength of the soil in 
order to permeate the soil mass to obtain water and nutrients 
and to provide plant support. One of the first attempts to 
measure root-growth pressures was by Pfeffer whose work has 
been translated by Gill and Bolt (9). He determined that 
some plants were capable of exerting root-growth pressures of 
26 atmospheres in an axial direction and 6 atmospheres in a 
radial direction. Later Gill and Miller (10) measured root-
growth pressures under varying conditions of confining 
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pressures and oxygen concentration. They found that corn 
seedlings exhibited reduced growth rates as external resist­
ance was increased and that decreased oxygen in the root zone 
decreased the maximum growth pressure which the root could 
develop. Gill (8) has expressed the need in future research 
for the determination of root growth-pressure capabilities of 
plants and for the determination of energy relationships be­
tween the plant and soil from the standpoint of mechanical 
work performed during restrained growth. 
Some investigators have proposed the idea of a sort of 
"threshold density" above which plants will not grow on a 
particular soil. Veihmeyer and Hendrickson (41) have reported 
maximum soil bulk densities above which sunflower roots would 
not penetrate to be about 1.75 g/cm for sands and from 1.46 
to 1.63 g/cm^ for clay soils. Trouse and Humbert (39) deter­
mined some empirical limits above which sugar cane roots did 
not penetrate in some Hawaiian soils. 
Recently Phillips and Kirkham (22) studied the growth of 
corn seedling roots into artificially compacted Colo clay 
soil cores. They found that the rate of corn seedling root 
elongation decreased linearly as bulk density of the soil in-
g 
creased from 0.94 to 1.30 g/cm . 
An interesting aspect of mechanical impedance has been 
proposed by Rovira and Graecen (30). They proposed that 
microorganisms may be mechanically impeded by compact soil 
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so that they are unable to have access to minerals and 
organic matter in the soil. 
Plot Shelters 
The desire to study plant growth in field plots under 
several different moisture regimes in humid regions has led 
to the use of plot shelters. With a shelter which will 
automatically cover field plots during periods of rainfall, 
one can have complete control over the application of water 
to the plots. 
Plot shelters of several different designs have been 
built in various locations. Four such shelters will be men­
tioned briefly. Suzuki1, in Japan, has used a shelter con­
structed of welded hollow metal pipe covered with a heavy 
clear plastic to study the response of forage crops to dif­
ferent moisture levels. Harris et al. (11) have designed an 
automatic movable shelter for small irrigation plots. This 
shelter was constructed mainly of wood. Bruce and Romkens 
(5) have used a rainfall shelter to study the growth of 
cotton in relation to soil moisture tension. Their shelter 
consisted of two smaller shelters which come together when 
1Suzuki, Shigeru, National Institute of Agricultural 
Sciences, Chiba City, Japan. Use of movable plot shelters. 
Private communication. 1960. 
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rainfall begins and form a large shelter. Morton (12) has 
used a wood shelter constructed much like a movable shed to 
study corn growth on compact soils. This shelter will be 
described in detail under Field Investigation I. 
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FIELD INVESTIGATION I: PLOT SHELTER, 1959 
This investigation, conducted in 1959, had as its objec­
tive the determination of the effect of soil compaction on 
plant growth and yields under two moisture regimes in the 
field. Different moisture levels were made possible by using 
a plot shelter to control rainfall. Colo clay soil, described 
below, which was located at the shelter site was used for this 
study. The size of the plot shelter shown in Figure 1 limited 
the experimental plot area to 16 by 48 feet. The plot area 
was subdivided into 16 plots each of which was 6 by 8 feet in 
size. A 6 inch aluminum strip, 4 inches of which was buried, 
completely surrounded each plot. Roofing cement was used to 
seal the joints to prevent water movement between the plots. 
The experimental design used was a 2 by 2 factorial of 
treatments arranged in a randomized block design. The two 
factors were degree of compaction and soil moisture level. 
Combination of these two factors each at two levels gave four 
treatments. The treatments and their abbreviated designations 
were Ck (check), I (well irrigated), C (compacted), and CI 
(compacted and well irrigated), or otherwise described: 
1. Ck normal field density low moisture regime 
2. I normal field density high moisture regime 
3. C. moderate compaction low moisture regime 
4. CI moderate compaction high moisture regime 
Figure 1. Generalized view of the automatic plot shelter 
and plot area 
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20 
The low moisture plots were irrigated to the 1/3 bar"*" 
o 
moisture percentage when 70 percent of the available water 
in the rooting zone had been depleted. The high moisture 
plots were irrigated to the 1/3 bar percentage when 30 per­
cent of the available water in the rooting zone was depleted. 
The four treatments were replicated four times to give 
the total of 16 plots. 
All plots were given a uniform application of commercial 
fertilizer prior to planting at a rate equivalent to 15 
pounds of nitrogen per acre, 26 pounds of phosphorus per 
acre, and 25 pounds of potassium per acre. These values are 
pounds of the available element. 
The plots were planted to Illidwarf 513 corn on May 25, 
1959. The dwarf corn seed was obtained from the Illinois 
Agriculture Experiment Station, Urbana, Illinois. Dwarf corn 
was used in this study so that adequate plot shelter door 
clearance would be maintained throughout the growing season. 
Irrigation requirements were determined by depth moisture 
measurements taken regularly at three to four day intervals 
using the neutron scattering technique. Moisture access 
pipes, located in the center of each plot, were installed 
"*"A bar is defined as 0.987 atmospheres or 1.00 x 10^ 
dynes per square centimeter. 
^Available water is here defined as the difference in 
soil moisture percentage between a sample of soil subjected 
to 1/3 bar pressure and one subjected to 15 bar pressure. -
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The rainfall activation system begins with a 10 foot 
section of metal gutter which collects runoff from a section 
of the shelter roof. The rain water flows into a small tank 
inside the building. A float shown in Figure 3 which is 
mounted inside the tank rises with the water level and 
operates a switch which activates the driving motor. 
The driving motor and power transmission system are 
shown in Figure 4. Power from the driving motor is trans­
mitted to the gear drive which in turn delivers the power to 
the driving wheels. A fluid coupling which is mounted be­
tween the driving motor and the gear drive prevents jerking 
and smooths out the flow of power. 
The shelter remains in the "off plot" position until 
there is rain. When sufficient rain has fallen that water 
runs off the shelter roof, the water is collected by the gut­
ter and flows into the water tank causing the float to rise. 
When the water tank becomes full, the float switch activates 
the driving motor and the shelter is driven along the tracks 
toward the test plot. Limit switches, which delimit the 
movement of the shelter, are mounted on the shelter body and 
are controlled by activators located along the tracks. When 
the forward motion of the shelter causes the limit switches 
to contact the activators, the driving motor is turned off 
and the shelter stops over the plot area. After the shelter 
stops, a microswitch causes garage type automatic doors at 
Figure 3. Rainfall activation system of the plot shelter 
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each end of the shelter to be lowered. 
After the rain stops, the water slowly drains from the 
tank causing the float to be lowered. The float switch at­
tached to the float then activates the reverse motor starter 
which causes the garage type doors to raise and the shelter 
to be driven from the test plot back to its original "off 
plot" position. The time which the shelter remains over the 
plot area after the rain has ceased can be controlled by 
regulating the rate of outflow from the water tank. A time 
switch automatically turns off the driving motor in case the 
tracks become obstructed. 
Soil 
The soil used in this investigation was Colo clay which 
is a recent alluvial soil located on the bottomland of Squaw 
Creek near Ames, Iowa. The 1/3 bar moisture percentage of 
this soil is 36 and the 15 bar moisture percentage is 18 on 
an oven-dry weight basis. 
Compaction method 
Compaction treatments were imposed by hammering the soil 
surface with a commercial pneumatic tamp. This method had 
previously been used by Jensen (14). The tamp used had a 
circular head 5-1/4 inches in diameter and weighed approxi­
mately 17 pounds. The tamp was driven by compressed air 
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p 
which operated between 85 and 110 lbs/in . The tamp stroke 
was approximately 6-1/2 inches. 
For all compaction treatments, the surface 6 inches of 
soil was removed and the subsurface tamped to the desired 
density. After the subsurface had been compacted, the sur­
face layer which had been removed was replaced and compacted. 
This layer was replaced in two 3-inch increments each of which 
was compacted to the approximate density of the subsurface. 
Moisture and density determinations were made during the com­
paction process using surface radiation probes. 
Planting procedure 
Holes 1/2 inch in diameter and 1 inch deep were drilled 
for all corn kernels. Illidwarf 513 corn seed, obtained from 
the University of Illinois, were placed in the holes and 
covered with loose soil until the holes were filled. The 
kernels were initially planted 4 inches apart in the row and 
later the plants were thinned to an 8-inch spacing in the row. 
Four rows were planted in each plot. Three border rows were 
planted around the outside of the entire plot area. Emergence 
counts were taken 10 days after planting. 
Moisture measurement and irrigation procedure 
Two days after planting 0.6 inch of rain was allowed to 
fall on all plots. All subsequent water was pumped through 
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a garden hose onto the plots from a storage tank using a 
water pump driven by a gasoline engine. Irrigation require­
ments were determined when the approximate depletion level 
had been reached by taking the difference between field 
capacity and the moisture content as measured by the neutron 
scattering technique using a depth moisture probe. 
Corn height measurements 
Corn height measurements were made at four different 
times during the growing season. Heights were measured from 
the soil surface to the tip of the extended leaves. 
Plant samples 
Whole plant samples were taken on June 22, 1959 at which 
time all plots were thinned to one plant every 8 inches in 
the row. Plant samples were oven-dried, ground, and saved 
for N, P, and K analyses. At silking, 10 corn leaves taken 
at random in each plot from opposite and below the first ear 
were dried, ground, and saved for chemical analyses. The 
chemical analyses were made by the Iowa State University Soil 
Testing Laboratory. 
Corn yields 
At maturity the corn ears were harvested, dried, and 
weighed. Yields were taken on the center two rows only. 
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Root study 
After the corn was harvested, two undisturbed soil cores 
were taken from each plot directly beneath two corn plants. 
The 3- by 15-inch cores were cut into five segments each 3 
inches in diameter and 3 inches long. The segments of the 
cores were placed in containers and thoroughly soaked in 
water. The cores were then placed one at a time on a nest 
of sieves and the soil washed free of the roots using a high 
pressure hose. The roots retained on the sieves were removed, 
oven-dried, and weighed. 
Soil temperature 
Glass immersion thermometers were placed between the 
center two rows of corn in all plots at 2-inch and 4-inch 
soil depth. Soil temperatures were taken daily, with a few 
exceptions, at 6:00 AM and 3:00 PM from June 5 until August 
20, 1959. The temperature reading times were chosen to cor­
respond closely with the daily minimum and maximum temperature 
as determined by Larson et al. (15). 
Results 
Bulk densities 
The dry bulk densities of the surface soil as determined 
by surface radiation probes on three different dates are 
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Table 2. Bulk density (g/cm ) of the approximate plow layer 
by treatment for three dates in 1959 
Date Ck I C CI 
May 11 1, .27 1.19 1, .40 1, .38 
June 17 1. ,20 1.20 1. 44 1. 46 
July 28 1. 24 1.29 1. 38 1. ,39 
Mean 1. ,24 1.22 1. 141 1. ,41 
The bulk density values were calculated by subtracting 
the volumetric moisture contents determined by a surface 
probe from the wet bulk densities. 
summarized by treatment in Table 2 taken from detailed data 
given in the Appendix. 
There seemed to be a slight tendency for the non-
compacted moisture plots to increase in bulk density as 
the growing season progressed. 
Seedling emergence 
Table 3 shows the corn kernels planted in each plot and 
the seedlings which had emerged 10 days after planting. 
Excellent emergence was obtained on all plots and very little 
difference can be noted among treatments. 
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Table 3. Corn seedling emergence for 1959 compaction 
experiment on Colo clay 
Plot 
number 
Treatment Seeds 
planted 
Seedlings 
emerged 
Emergence 
percent 
1 Ck 69 69 100 
2 CI 69 64 93 
3 I 72 72 100 
4 C 71 69 97 
5 C 71 71 100 
6 I 71 69 97 
7 CI 69 68 99 
8 Ck 71 66 93 
9 Ck 70 70 100 
10 I 70 70 100 
11 CI 72 72 100 
12 C 72 69 96 
13 I 69 69 100 
14 Ck 68 66 97 
15 C 70 70 100 
16 CI 73 66 90 
Table 4. Average corn plant heights (cm) by treatment for 
four dates during 1959 
Date Ck I C CI 
June 25 73.3 75.6 62.7 66.6 
July 6 100.2 104.1 87.8 98.3 
July 27 135.8 141.6 129.7 144.0 
Sept. 15 142.2 153.8 139.7 155.0 
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Corn height measurements 
Corn plant heights, measured on four different dates, 
are summarized by treatment in Table 4 from data given in the 
Appendix. 
Early season plant heights indicated reduced heights on 
compacted plots but Table 4 indicates that final corn heights 
were more a function of the moisture regime than compaction 
for the Colo clay. 
Plant chemical analyses 
Dry weights of 10 corn leaves taken at silking and their 
content of N, P, and K are summarized by treatment in Table 5 
taken from data in the Appendix. The nitrogen content of 
leaves taken from the compacted plots is seen to be higher 
than for those of the non-compacted plots. For P and K no 
appreciable changes are seen. 
Table 5. Dry weights3 and percent N, P, and K of 10 corn 
leaves taken at silking 
Treatment Weight N P K 
g percent percent percent 
Ck 29.0 2.05 0.33 1.95 
I 33.2 2.02 0.34 1.95 
C 27.9 2.40 0.31 2.02 
CI 31.8 2.28 0.34 1.92 
Mean 30.5 2.19 0.33 1.96 
aEach value in the table is average of four replicates. 
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Corn yields 
The dry weight of corn harvested from the center two rows 
of each plot is given in Table 6. 
The table indicates, as did Table 4 for plant growth, that 
the yields were a function of moisture level rather than of 
compaction level. However, the compaction treatment (1.41g/ 
cm ) in this experiment was not a severe treatment. 
Table 6. Yield of dry ear corn harvested from the center 
two rows of each plot in 1959 
Plot Treatment Ears Dry 
number harvested weight 
9 
1 Ck 16 745 
2 CI 18 1244 
3 I 18 1026 
4 C 18 648 
5 c 16 525 
6 I 17 1205 
7 CI 17 1130 
8 Ck 13 498 
9 Ck 17 822 
10 I 18 1002 
11 CI 17 1208 
12 c 17 592 
13 I 18 1288 
14 Ck 18 470 
15 C 18 815 
16 CI 17 1077 
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Root distribution 
Results of the root study showing the distribution of 
dry corn roots with depth are given in Figure 5 taken from 
data in the Appendix. The root distribution showed a higher 
percentage of the total quantity of roots in the 0 to 3 inch 
depth in the compacted plots as compared with the same depth 
in the non-compacted plots. 
Soil temperature 
Soil temperature readings taken at a depth of 2 inches 
and 4 inches during the first week of the growing season are 
shown in Figures 6 and 7 for the 6:00 AM and 3:00 PM measure­
ments, respectively. Soil temperatures during the first two 
to three weeks of June were consistently several degrees 
higher on compacted plots than on non-compacted plots. After 
approximately the first month following planting, soil tem­
peratures between treatments varied less than about 2°F; 
therefore, temperature data throughout the remainder of the 
growing season are not presented. 
The increased temperature observed on the compacted plots 
was likely due to the increase of thermal conductivity of this 
soil upon compaction. 
Figure 5. Corn root distribution by depth in increments for 
treatments in 1959 
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Figure 6. Soil temperature taken at 6:00 AM at 2 and 
4 inch depths during June 1959 
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Discussion 
Since the corn seeds were covered with loose soil at 
planting, no difficulty was encountered in seedling emergence. 
Early season corn heights indicated reduced corn growth due 
to the compaction treatment; however, final corn heights 
appeared to be a function of the moisture level. Corn yields 
also appeared to be a function of the soil moisture level. 
However, it should be remembered that the compaction treat­
ments in this investigation were not severe treatments. 
Soil temperature measurements indicated an increase in 
soil temperature at both depths on compacted plots during the 
first few weeks of the growing season. Compaction increases 
the thermal conductivity of a soil according to Lutz (19). 
However, the heat capacity is also increased by compaction 
since the volumetric moisture content will be increased and 
since the heat capacity of water is higher than that of soil. 
Since the temperature will depend upon the diffusivity which 
is the ratio of the thermal heat conductivity to the heat 
capacity, then for the level of compaction of this investiga­
tion on this soil, apparently compaction increased the 
thermal conductivity more than the heat capacity. The net 
effect was an increase in temperature of 3 to 5°F as can be 
seen in Figure 7. This relationship may change later due to 
changes of the soil surface and a layering effect. 
FIELD INVESTIGATION II: PLOT SHELTER, I960 
Upon reviewing the results of Field Investigation I, it 
was concluded that to evaluate properly the effects of soil 
compaction on plant growth the range of observation of soil 
bulk densities should be extended and the number of treatment 
replications greatly enlarged. Also, a more compressible 
soil appeared to be needed and a measure of the rate of 
oxygen diffusion appeared to be important. Therefore, a more 
comprehensive soil compaction investigation was planned for 
1960. The objective was to determine the effect of soil com­
paction on plant growth over a much wider range of soil bulk 
densities. 
To increase the number of treatments and replications 
meant that additional plots were needed. The only feasible 
way to increase the number of plots on the limited area of 
the shelter site appeared to be the use of containers to grow 
the plants in. Since Denmead and Shaw (6) had successfully 
used galvanized cans to study soil moisture stress and corn 
growth, it was decided to use 32 gallon galvanized cans as the 
containers for this compaction study. 
The Colo clay at the shelter site, which had been used 
in Field Investigation I, was excavated to a depth of approxi­
mately 24 inches to provide a location for the galvanized cans. 
The soil selected for this study was Webster clay loam taken 
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from a long term meadow plot at the Iowa State University 
Agronomy Farm. After the meadow plot had been plowed to a 
depth of about 8 inches, the soil was removed and transported 
to the excavated site. The bulk soil was passed through a 
screen with 1/2 inch mesh openings and then compacted into 
the cans. Before placing any soil in the cans, all cans were 
lined with 4 mil clear plastic liners to prevent any possible 
zinc "poisoning" of the corn roots. The soil was compacted 
into each can in three approximately equal increments. Com­
paction, done with the previously described pneumatic tamp, 
was as uniform as could be achieved; however, some layering 
effect was unavoidable. It was necessary to band tightly the 
cans receiving the severe compaction treatment with metal 
bands 3/4 inch wide to prevent bursting during compaction. 
A banding machine was used to band the cans. 
The treatments consisted of four degrees of compaction 
and two moisture levels giving a total of eight. The eight 
treatments, with their abbreviated designations, were: 
1. co -L non-compacted low moisture level 
2. Go' -H non-compacted high moisture level 
3. cr -L slight compaction low moisture level 
4. cr -H slight compaction high moisture level 
5. c2' -L moderate compaction low moisture level 
6. •c2--H moderate compaction high moisture level 
7. c3--L severe compaction low moisture level 
8. c3' -H severe compaction high moisture level 
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Low moisture plots were irrigated to field capacity when 75 
percent of the available water in the root zone of maximum 
water extraction had been depleted. High moisture plots were 
brought back up to field capacity when 25 percent of the 
available water had been depleted. 
Each treatment was replicated 12 times giving a total of 
96 cans. The cans were arranged in a completely random design 
according to moisture level. The excavated soil was used to 
backfill around the cans up to the original soil level. 
Materials and Procedures 
Soil 
The soil used in this investigation was calcareous 
Webster clay loam taken from the surface 8 inches of plot 
number 1035 at the Iowa State University Agronomy Farm 
located 3 miles south of Ames, Iowa. The 1/3 bar moisture 
percentage of this soil on an oven-dry weight basis is 28 
percent and the 15 bar percentage is 14. 
Compaction method 
The screened bulk soil was compacted into galvanized 
cans using a pneumatic tamp. Details of the tamp were ex­
plained under Field Investigation I. Each can was filled 
with three approximately equal soil increments each of which 
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was compacted to as near as possible the same density. The 
density and moisture of each layer were determined using 
surface density and moisture radiation probes. 
Planting procedure 
All plots were planted to a non-commercial single-cross 
hybrid corn (W64A X OhSlA) on June 14, 1960. The single-
cross hybrid was used to obtain as much uniformity between 
individual plants as possible. Six kernels were planted in 
each can in holes 1/2 inch in diameter which had been drilled 
to a depth of 1 inch. The seeds were covered with loose soil 
and a thin layer of loose soil was placed over the surface of 
all compacted cans to prevent cracking of the soil surface. 
After the plants were a few weeks old, they were thinned to 
3 plants per can. Figure 8 shows a sketch of a can and the 
placement of seed. 
Moisture measurement and irrigation procedure 
A thin-wall steel conduit pipe 1-3/4 inches in outside 
diameter was installed in each can to serve as an access pipe 
for the depth moisture probe. The pipe extended from 6 
inches above the top of the can to the bottom of the can. 
Moisture measurements were made at a depth of 8 inches and 
14 inches from the soil surface generally twice weekly. The 
moisture content was determined from 1-minute readings 
Figure 8. Placement of moisture probe access pipes and corn 
plants in galvanized cans used in 1960 
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using the calibration chart and probe standard counts taken in 
the field at the time of measurement. These measured soil 
moisture contents were used to determine when and how much 
irrigation water should be added to bring the moisture con­
tent up to the 1/3 bar percentage. All irrigation water was 
pumped onto the plots using a calibrated electric pump and a 
garden hose. 
Corn height measurements 
Corn height measurements were made weekly from two weeks 
after emergence until tasseling. Heights were taken from the 
soil surface to the tip of the extended leaves. 
Plant samples 
Whole plant samples were taken at the time of thinning 
and leaf samples were taken at silking time. All plant 
material was oven-dried, weighed, ground, and saved for N, P, 
and K analyses. The chemical analyses were made by the Iowa 
State University Soil Testing Laboratory. 
Date of silking 
The date on which the corn silk reached a diameter of 
1/2 inch was recorded as the date of silking for that plant. 
The date on which 75 percent of the plants had silked was 
determined and used as a leaf sampling date. 
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Corn yields 
On October 8, 1960 all plots were harvested. The whole 
ear corn was dried at 100°C for 72 hours and then weighed. 
The dry corn weights per can are reported. 
Root study 
Two replicates of each treatment were selected for a 
root study. The cans selected were lifted from the soil 
using a tractor and then cut lengthwise using a cold chisel. 
A 4-inch slab of soil was removed so that a portion of the 
root system was exposed. The face of the root profile was 
washed with a high pressure hose to expose the roots. The 
face of the root profile was then photographed to show the 
root distribution. 
Soil fertility 
A soil test-jmade by the Iowa State University Soil 
Testing Laboratory showed that this soil contained 93 pounds 
of nitrifiable nitrogen per acre, 2.5 pounds of available 
phosphorus per acre, and 200 pounds of available potassium 
per acre. Weights given here in pounds are weights of the 
element. During compaction a commercial fertilizer was mixed 
into the soil at a rate equivalent to 20 pounds of nitrogen 
per acre, 35 pounds of phosphorus per acre, and 33 pounds of 
potassium per acre. During the growing season an additional 
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100 pounds of nitrogen per acre, 42 pounds of phosphorus per 
acre, and 50 pounds of potassium per acre were added to all 
plots. 
Oxygen diffusion 
The rate of oxygen diffusion through the liquid phase of 
the soil was measured using the platinum microelectrode tech­
nique discussed by Lemon and Erickson (17). The instrument 
used was purchased from the Dick Machine Company (915 North 
Pennsylvania Avenue, Lansing, Michigan). The microelectrodes 
were made of U. S. Standard 24 gauge platinum wire fused to 
12 gauge plastic insulated copper wire. Prior to use the 
exposed platinum tip of all electrodes was adjusted to 4 mm 
and the electrodes were checked for exposed copper wire which 
would cause faulty performance. Two lengths of microelec­
trodes were used, 6 and 12 inches. Five electrodes of each 
length were inserted at random in each can. The saturated 
calomel was placed in the soil surface and the electrodes 
connected to the control box. A potential of 0.65 volt was 
applied to all electrodes simultaneously. After the poten­
tial had been applied for 5 minutes, the selector switch was 
turned to the reading position and the steady diffusion cur­
rent recorded for each electrode in succession. From the 
diffusion currents an oxygen diffusion rate can be calculated 
using the following equation: 
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h = " F A fx=o,t [1] 
where is the current in amperes at time (t) in seconds; 
n is the number of electrons used per molecule of oxygen 
electrolyzed; F is the Faraday, 96,500 coulombs ; A is the 
p 
area of the electrode in cm ; f _A , is the flux (number of 
X—U 5 X 
2 
moles) of oxygen reaching the electrode surface (x=0) per cm 
per second at time (t). 
Results 
Bulk densities 
The average dry bulk density of each treatment as deter­
mined by surface radiation probes at the time of compaction 
is shown in Table 7. The bulk density of each layer of all 
cans is given in the Appendix. 
The bulk densities were calculated by subtracting the 
volumetric moisture percentage as determined by the surface 
moisture probe from the wet bulk density as determined by the 
surface density probe. A gravimetric check of values ob­
tained with the radiation probes gave excellent agreement. 
The compaction process was more difficult to control as 
high bulk densities were approached; therefore, the moderate 
and severe compaction plots show more variability in 
densities. 
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Table 7. Average dry bulk density (g/cm ) of treatments 
used in Field Investigation II 
Treatment Bulk Treatment Bulk 
density density 
c0-H 1.05 o
 
o
 t- 1.04 
C1-H 1.25 -
1 1 I—1 o 1.25 
C2-H 1.44 C2-L 1.42 
C3-H 1.64 C3-L 1.62 
aEach value is an average of 12 replications. 
Corn height measurements 
The average corn plant heights taken weekly throughout 
the growing season are shown in Table 8. A plot of corn 
height versus time for the various treatments can be seen in 
Figures 9 and 10. Regardless of the moisture level, the corn 
grew much more slowly on the severe compaction plots. Corn 
growth was probably drastically reduced on the severe compac­
tion plots due to the combined effect of severe mechanical 
impedance and poor aeration. 
Figure 9. Corn plant heights measured weekly for low 
moisture plots of Field Investigation II 
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Figure 10. Corn plant heights measured weekly for high 
moisture plots of Field Investigation II 
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Table 8. Corn plant heights3 (cm) by treatment for several 
dates during the growing season in 1960 
Date C0'H C1-H C2-H CG-H 0
 
o
 1 
. 
I- C^-L C2-L 0
 
CO 1
 
r
1 
June 29 19 19 18 14 19 18 18 14 
July 6 33 30 27 21 32 29 29 21 
July 13 54 48 43 28 49 44 45 27 
July 20 84 76 66 39 69 67 69 39 
July 27 131 114 96 53 102 101 102 65 
Aug. 3 161 141 137 67 130 124 121 77 
Aug. 10 181 160 142 76 153 145 141 90 
Aug. 17 193 174 160 83 163 155 153 94 
aAll values reported in the table are an average of 36 
individual measurements, three plants per plot on 12 plots. 
Plant chemical analyses 
Laboratory results of chemical analyses of whole plant 
samples taken at thinning time and leaf samples taken at 
silking are shown in Table 9. The percentage composition 
of nitrogen and phosphorus in plant samples and leaf samples 
taken from the severe compaction treatments was always least. 
The uptake of nutrients by plants growing on the severe com­
paction plots appeared to be impaired in comparison with 
plants growing on the other plots. 
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Table 9. Composition3 of N, P, and K in plant and leaf 
samples taken during 1960 
Treat­ Plant samples Leaf samples 
ment Dry N P K N P. K 
weight 
9 % % % % % % 
X, I o
 
o
 32.8  4 .32 0.31 2.86 2.55 0.22 1.12 
C1-H 23.4  4 .79 0.30 2.70 2.74 0.22 1.02 
C2-H 16.4 3.52 0 .26 2 .18 2 .70 0 .23 1.16 
C3-H 7.3 3.12 0.18 2.44 2.49 0.21 1.55 
CQ-L 18.0 3.56 0.30 2.12 2.74 0.22 1.25 
C1"L 18.6  4.05 0.30 2 .08 2.80 0.20 0 .99 
C2-L 21.7 3.64 0.3 .0  1.98 2.68 0 .22 1.06 
c3-L 6.4 3.10 0.24 2 .08 2.31 0.19 1.18 
aEach value reported is an average of duplicate deter­
minations on composite samples. 
Corn yields 
The dry weight of ear corn harvested is shown by treat­
ment in Table 10. Yields of all plots are given in the 
Appendix. These treatment means were tested for significance 
using Duncan's Multiple Range Test according to the procedure 
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Table 10. Corn yield3 (grams per can) by treatment for Field 
Investigation II 
Treatment Corn yield Treatment Corn yield 
X
 1 o
 
o
 237 >
-
) 
o
 
O 93 
C2-H 206 C1-L 84 
C2-H 197 C2-L 130 
C3-H 23 C3-L 22 
aEach tabulated value is an average of 12 replicates. 
Table 11. Statistical significance of corn yields as in­
fluenced by compaction under two moisture levels 
High moisture level Low moisture level 
Compaction 
treatment Cq C^ Cg Cg Cp Cq Cj Cg 
Yield, grams3 237 206 197 23 130 93 84 22 
Underscoring indicates statistical significance. Any 
two means at the same moisture level not underscored by the 
same line are significantly different at the 1 percent level. 
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outlined by LeClerg (16). Results of this test are shown in 
Table 11. High moisture treatments were tested separately 
from low moisture treatments. 
Regardless of moisture level, the yield of only the 
severe compaction treatment was significantly different from 
other compaction treatments. 
Silking date 
The silking dates reported are the dates on which 75 
percent of the plants of a given treatment had silked. The 
silking dates for all treatments are given in Table 12. The 
date of silking was slightly delayed for the slight and 
moderate compaction treatments at the high moisture level. 
The date of silking was delayed approximately 2 weeks for the 
severe compaction treatment at both moisture levels. 
Table 12. Date of 75 percent silking for all treatments of 
Field Investigation II for 1960 
Treatment Date Treatment Date 
X, i o
 
o
 August 20 CQ-L August 23 
C1-H August 21 I
-
I i i—I o August 23 
C2-H' August 23 C2-L August 23 
C3-H September 6 C3-L September 6 
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Root distribution 
The distribution of corn roots found in two cans taken 
from each treatment may be seen in the following photographs 
(Figures 11 and 12). The corn roots permeated the entire 
soil mass in all cans except those of the severe compaction 
treatment. The root distribution in the cans taken from the 
severe compaction treatment showed no corn root penetration 
below a depth of approximately 3 inches. 
Another interesting observation made on the cans taken 
from the severe compaction treatment was that the stems and 
other portions of plant material, mostly bromegrass, which 
has passed through the screen during the screening process, 
had not decayed during the growing season. These undecayed 
plant parts are clearly visible in the photographs of the 
root profiles. This is evidence that the microbial activity 
was not normal in these cans. 
Oxygen diffusion rate 
The average oxygen diffusion currents determined at 
two depths on two different dates have been plotted against 
treatment density in Figure 13. An analysis of variance of 
plot means showed a significant treatment effect due to com­
paction. Of special significance are the diffusion rates 
obtained for the severe compaction plots. If we assume that 
_o n 
an oxygen diffusion rate of approximately 20 x 10 g/cm /min 
Figure 11. Photographs showing corn root distribution 
throughout the soil of a can taken from 
each low moisture treatment of Field In­
vestigation II 
Upper left: CQ-L 
Upper right: C^-L 
Lower left: C^-L 
Lower right: Cg-L 
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Figure 12. Photographs showing corn root distribution 
throughout the soil of a can taken from 
each high moisture treatment of Field In­
vestigation II 
Upper left: CQ-H 
Upper right: C^-H 
Lower left: Cg-H 
Lower right: 
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Figure 13. Average oxygen diffusion current as measured by the 
platinum microelectrode versus soil bulk density 
for two depths and two times 
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may be a limiting value for plant growth as reported by Lemon 
and Erickson (17) and by Bertrand and Kohnke (4), then for 
the electrodes used in this study and assuming n of Equation 
1 to be four, all diffusion currents less than 3.25 x 10 ^  
amperes are below the limiting value. Thus, the diffusion 
currents of the severe compaction treatment are below the 
critical rate on both measurement dates. 
Discussion 
Results of Field Investigation II show that compaction 
of a uniform Webster clay loam soil caused a reduction in 
corn growth, a reduction in corn yields, delayed maturity, 
limited root penetration, and a decrease in oxygen diffusion 
rates. 
Figures 9 and 10 show the effect of compaction on corn 
growth throughout the growing season. It is particularly 
interesting to note that the severe compaction treatment 
caused a reduction of final corn height of approximately 50 
percent regardless of moisture level. 
Results of a Duncan's Multiple Range Test (16) made on 
the corn yields showed that the severe compaction treatment 
yielded significantly less than the other treatments at both 
moisture levels. This is in agreement with the compaction 
effect on corn height. 
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From Table 12 it can be seen that compaction delayed the 
date of silking. The severe compaction treatment delayed the 
date of silking approximately two weeks at both moisture 
levels. This delay in maturity would be particularly im­
portant for late planted corn where there might be a danger 
of frost. These observations on delay of corn maturity are 
in agreement with results obtained by Phillips (21). 
The photographs of root distribution (Figures 11 and 12) 
for the various treatments show that the corn roots penetrated 
the soil in all treatments except the severe compaction treat­
ment. No corn roots were found below a depth of approximately 
3 inches on any of the severe compaction plots studied. The 
roots appear to be more fibrous in the low moisture plots. 
This could be expected according to Weaver (43). 
Undecomposed plant material can be observed in the 
photographs of the root profiles taken from the severe com­
paction treatments. This indicates that conditions in the 
soil were not favorable for microbial activity. Two possible 
explanations for the inactivity of the soil microbes are 
physical impedance of the microbes and lack of a sufficient 
oxygen supply. Measurements with the platinum microelectrode 
showed a reduced rate of oxygen diffusion as compaction in­
creased. Diffusion rates for the severe compaction treat­
ment were less than rates previously reported as limiting to 
plant growth. 
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Although the mechanism of compaction which caused 
reduced corn growth and yields has not been definitely 
established in this investigation, it does appear that 
compaction of the Webster clay loam used here can be expected 
to have significant detrimental effects on corn growth when 
the soil bulk density exceeds approximately 1.40 g/cm . 
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FIELD INVESTIGATION III: ROOT AERATION HOLES 
The purpose of this investigation was to determine the 
effect of holes punched in compacted soil upon corn growth 
and root penetration where the holes could serve as root 
channels and aeration ports. The soil and galvanized cans 
previously used in Field Investigation II were used in this 
study. All soil was removed from these 32-gallon cans and 
8 inches of sand was placed in the bottom of each can. The 
soil was then compacted into the cans. The density and 
moisture were monitored during compaction using surface 
density and moisture radiation probes. The pneumatic tamp, 
which has already been described under Field Investigation I, 
was used to compact the soil. 
The experimental design was a 2- by 3-factorial of treat­
ments arranged in a randomized block design. The treatments 
consisted of three compaction levels, dry bulk densities of 
1.3, 1.5, and 1.7 g/cm , all compaction treatments with and 
without aeration holes. All treatments were replicated three 
times giving a total of 18 plots (cans). 
Since it was known that water infiltration into the 
highly compacted soils would be very slow, a pipe was placed 
in the center of each can so that water could be applied to 
the sand layer and the corn plants could be watered from 
below. This also helped keep the aeration holes open since 
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application of water to the surface would tend to wash loose 
particles into the holes partially filling them. 
Materials and Procedures 
Soil, compaction method, and planting procedure 
The soil used, compaction method, and planting pro­
cedures were the same as explained under Field Investigation 
II. The seed corn used in this study was a commercial 
hybrid, Funks G-96A. 
Aeration and root penetration holes 
The aeration and root penetration holes which were used 
in half of the treatments were made with an 18 inch steel bit 
- which was 3/8 inch in diameter and was powered by an electric 
drill. A schematic view of a can showing the placement of 
seed and holes is shown in Figure 14. 
Watering procedure 
To prevent filling of the aeration holes and to prevent 
ponding of water on the surface, the water was added to the 
sand layer in the bottom of the cans through a pipe in the 
center of the cans. Twice weekly water was added to each can 
until the free water level was 10 inches above the bottom of 
each can. Since the conductivity of water through the highly 
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Figure 14. Placement of aeration holes with respect to corn plants in the Root 
Aeration Hole Experiment 
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compact soil was very slow, it was necessary to add some 
water to the surface soil to prevent wilting of the young 
corn seedlings. For uniformity in the watering procedure, 
approximately the same amount of water was added to the 
surface of all plots. 
Corn height measurements 
Corn plant height measurements were made weekly from two 
weeks after emergence until termination of the experiment. 
Height measurements were taken from the soil surface to the 
tip of the extended leaves. 
Dry matter production 
The whole corn plants were harvested on September 3, 
1962. The plants were dried for 72 hours at 100°C and then 
weighed to give the total dry matter produced. 
Root study 
The root systems of some of the cans were examined to 
determine root distribution, particularly, the distribution 
of corn roots with respect to the holes drilled through the 
soil. 
78 
Results 
Corn height measurements 
The average corn plant heights for each treatment are 
shown in Table 13 for several dates. These data have been 
plotted in Figure 15 as corn height versus time for the 
various treatments. 
Results of the corn height measurements were not as had 
been expected in that the corn appeared to grow slightly 
better on the severe compaction (1.7 g/cm ) plots without 
the aeration holes. 
Table 13. Average corn plant heights (cm) by treatment3 on 
compaction plots with and without aeration holes 
Days after 
planting 1.3-W 1.3-W/O 1.5-W 1.5-W/O 1.7-W 1.7-W/O 
14 21 21 16 17 12 13 
21 30 30 27 26 19 21 
28 49 51 38 40 26 28 
38 67 69 55 56 32 34 
42 77 77 60 62 35 38 
52 102 101 80 80 45 50 
59 116 115 93 91 53 57 
63 121 121 98 96 59 63 
73 139 137 111 107 73 79 
aThe number prefix of the treatment designation, such as 
1.3, 1.5, or 1.7, indicates the approximate dry bulk density 
to which the cans were compacted. The letter W indicates 
with aeration holes and the letters W/O indicate without 
aeration holes. 
Figure 15. Corn plant heights versus time for three compaction 
treatments with and without aeration holes during 
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Dry matter production 
The total dry matter produced on each plot is given in 
Table 14 according to treatment. Dry matter production 
decreased with increasing compaction but did not seem to be 
affected by the presence of aeration and root penetration 
holes. 
Table 14. Dry weight (g) by treatment3 of whole corn plants 
harvested in Field Investigation III 
Replication 1.3-W 1.3-W/O 1.5-W 1.5-W/O 1.7-W 1.7-W/O 
I 159 157 78 121 21 10 
II 139 162 112 61 38 26 
III 177 166 113 105 13 42 
Mean 158 162 101 96 24 26 
aTreatment designations defined in footnote to Table 13. 
Root distribution 
After the corn plants were harvested, several plots 
having the aeration hole treatment were examined to determine 
the corn root distribution with respect to the holes. Visual 
examination of 20 to 30 holes to a depth of approximately 6 
inches showed no evidence of root concentration or 
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proliferation in or about the holes. It appeared that only 
the normally expected number of corn roots, according to the 
area of holes, entered or grew into the holes. 
Discussion 
Since the growth and yield of corn had been seriously 
reduced by compaction in Field Investigation II and since a 
decrease in oxygen diffusion rate had been measured as the 
soil bulk density increased, the hypothesis was set forth 
that perhaps these detrimental effects could be partially 
eliminated by aeration and root penetration holes. Results 
of this investigation show that the aeration and root penetra­
tion holes were ineffective in eliminating the effects of com­
paction. 
As can be seen from Table 14 and Figure 15, corn growth 
and dry matter production were reduced as compaction was in­
creased; however, no measurable increase in corn growth or 
dry matter occurred with aeration and root penetration holes 
present. Also, a visual examination of the holes showed no 
concentration of roots in or near the holes. This would seem 
to indicate that compaction effects may be quite localized. 
Although air may have diffused through the holes, the dif­
fusion rate through the soil mass was undoubtedly very low. 
Thus, the aeration status of the soil mass was probably 
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improved very little by the presence of the holes. Certainly 
the holes did not improve water movement; in fact, lack of 
water may have prevented an expected increase in growth. The 
holes were too large for capillary rise to occur in them and 
it is remembered that much of the watering was done from 
below, in the sand layer, in this experiment. 
A small exploratory field experiment at the Iowa State 
University Agronomy Farm south of Ames, Iowa, where punched 
aeration holes were used, did not show noticeably increased 
root proliferation about the holes although rain water could 
enter the holes in this exploratory study. 
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OXYGEN DIFFUSION THROUGH COMPACTED SOIL CORES 
Since diffusion is the primary process whereby gaseous 
interchange takes place in the soil, evaluation of the effect 
of soil compaction on gas diffusion rate should be important 
to plant growth. Taylor (37) has shown rather conclusively 
that oxygen diffusion is strongly influenced by degree of 
soil compaction. 
The purpose of this investigation was to obtain a value 
which would characterize oxygen diffusion through a uniform 
soil which had been compacted. Webster clay loam, as had 
been used in Field Investigations II and III, which had been 
air-dried and passed through a 2 millimeter screen was used 
in this study. At the time of compaction, the soil was 
moistened to 20 percent by weight and thoroughly mixed using 
an electric mixer. The soil was then compacted into special 
brass cylinders which were the same diameter as the diffusion 
port of the diffusion apparatus and which contained a screen 
bottom to prevent soil loss from the cylinder. The soil 
cores were then saturated and subjected to 3 bars of pressure 
using the pressure membrane apparatus. The cores were removed 
from the pressure membrane when the outflow of water from the 
cores had essentially ceased. The rate of oxygen diffusion 
through the cores was then determined using a special diffu­
sion apparatus which has been described by Runkles (31). 
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The 3 bar pressure was selected to give a moisture-tension 
value between field capacity and the wilting point which 
would simulate field moisture conditions. 
Materials and Procedures 
Equipment 
The equipment used to make the oxygen diffusion rate 
measurements was a special diffusion chamber, an oxygen ana­
lyzer, a circulation pump, and a tank of compressed nitrogen. 
The arrangement of equipment during the measurement is 
shown schematically in Figure 16. The analyzer used was a 
Beckman oxygen analyzer. 
Soil core preparation 
A predetermined weight of air-dry Webster clay loam 
which had passed through a 2 millimeter sieve was moistened 
to 20 percent by weight and packed into special brass cylin­
ders. The cylinders were packed to give dry bulk densities 
of 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, and 1.7 g/cm3. The com­
pacted soil cores were water saturated and placed on the 
pressure membrane where they were subjected to 3 bars of 
pressure. When the total outflow of water from all the cores 
was less than one cubic centimeter for a 24 hour period, the 
cores were removed from the pressure membrane and sealed 
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Figure 16. Schematic of equipment used to measure the rate of oxygen diffusion 
through soil cores 
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into tin cans until they were placed on the diffusion 
apparatus. 
Diffusion measurement procedure 
The diffusion vessel was filled with nitrogen gas from 
a tank of compressed gas and the brass plate moved over the 
diffusion port. A brass cylinder containing a soil core was 
placed in the container and aligned with the diffusion port 
by sliding the brass plate. 
Using the oxygen analyzer, readings of oxygen concentra­
tion expressed as the partial pressure of oxygen in the vessel 
were made versus time for a period of approximately 12 hours. 
During the time the readings were being made, the diffusion 
port was closed and the gas in the diffusion chamber was 
circulated through the analyzer by the circulating pump. 
Results 
Moisture content of soil cores 
The moisture content of cores subjected to 3 bars of 
pressure is shown in Table 15. This was the moisture 
content of the cores at the beginning of the diffusion 
measurement. 
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Table 15. Moisture content of soil cores used in the diffu­
sion measurement after they had been subjected to 
3 bars of pressure 
Bulk density 
g/cm3 
Moisture content by weight 
percent 
1.1 28.7 
1.2 23.6 
1.3 23.7 
1.4 22.6 
1.5 23.8 
1.6 23.9 
1.7 24.0 
Oxygen diffusion rate 
The effect of compaction on the diffusion of oxygen 
through laboratory prepared cores of Webster clay loam soil 
is shown in Figure 17. The value measured was the partial 
pressure of oxygen (P) in the vessel at time (t). The value 
for the partial pressure of oxygen in atmospheric air (p^) 
is 156.4 millimeters of mercury. The slope of the line 
obtained by plotting log [PQ/(PQ-P)] as a function of time 
will be the rate of diffusion of oxygen through the soil. 
It is easily observed in Figure 17 that as the bulk 
density of the soil cores increased the rate of diffusion of 
oxygen decreased. At the highest level of compaction, 1.7 
Q 
g/cm , almost no oxygen diffused through the soil. 
I 
Figure 17. Effect of compaction on the diffusion of oxygen 
through laboratory prepared soil cores 
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Discussion 
In Field Investigation II it was shown (Figure 13) that 
compaction sharply reduced the diffusion of oxygen in the 
liquid phase as measured by the platinum microelectrode. 
It has been shown in Figure 17 that diffusion of oxygen in 
the gas phase through compacted soil cores was drastically 
reduced as the bulk density of the cores increased. Certainly 
this reduction in oxygen diffusion due to compaction should 
have serious consequences on the growth of plants and on 
microbiological activity. 
The anomaly exhibited by the soil core of bulk density 
3 1.1 g/cm can be partially explained on the basis of the 
moisture content. As can be seen in Table 15, the moisture 
content of the core of bulk density 1.1 g/cm was higher 
than the other cores. Taylor (37) has shown a large reduc­
tion in the rate of oxygen diffusion through soil cores as 
moisture content increased. Also, experimental error may 
have contributed to the observed results. 
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EFFECT OF COMPACTION ON SOIL GAS COMPOSITION 
AS DETERMINED BY GAS CHROMATOGRAPHY 
It is well recognized that compaction alters the aera­
tion status of a soil; however, there is little quantitative 
data showing the extent to which the composition of the soil 
atmosphere is altered when the soil bulk density is increased. 
Since soil compaction had been shown to affect significantly 
oxygen diffusion in the liquid phase as measured by the 
platinum microelectrode and in the gaseous phase as measured 
with laboratory equipment, one might reasonably expect sig­
nificant change in the gas composition of the soil atmosphere 
when compaction of a soil occurs. 
One reason for the limited amount of data on the composi­
tion of soil air is the difficulty associated with sampling 
and analyzing the gaseous phase of the soil. Most previously 
used gas analysis techniques have required macrosamples of 
gas. Many of the methods used to obtain these macrosamples 
have been criticized because the sample of air taken from the 
soil was not considered to be representative of the soil 
atmosphere at the point in question. The sample of gas may 
have come from the large pores or from pores which extended a 
long distance away from the point of sampling. Thus, a gas 
analysis technique has been needed which could accurately 
analyze microsamples of gas that could be removed without 
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disturbing the soil atmosphere. 
Recent development and commercial availability of 
dependable gas chromatographs have presented a technique by 
which microsamples of gas can be quickly and accurately 
analyzed. Thus, application of the gas chromatograph to a 
study of the soil atmosphere offered a real opportunity to 
investigate the composition of soil air in localized regions 
such as might be found near a root tip. 
The objective of this investigation was to determine the 
effect of compaction on soil air composition and to attempt 
to relate the gas composition to plant and root growth. The 
Webster clay loam soil, described under Field Investigation 
II, was selected for this study. Cast acrylic tubing, com­
monly called Plexiglas, was used to make containers so that 
visual observation could be made of corn root growth. Also, 
the Plexiglas cylinder walls were easily fitted with gas 
sampling tubes. 
Air-dry soil which had been passed through a 2 millimeter 
screen was used. The soil moisture content was adjusted to 
20 percent by weight. The necessary water was added and 
thoroughly mixed with the soil using an electric mixer. The 
moist soil was compacted into the Plexiglas cylinders to give 
dry bulk densities of 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, and 1.7 
O 
g/cm . All treatments were replicated three times giving a 
total of 21 containers. Since a sufficient quantity of 
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tubing of one size could not be obtained, it was necessary to 
have one replication each of cylinders of 6, 5-1/2, and 5 
inch diameters. The containers receiving the high compaction 
treatments were banded with hose clamps during compaction to 
prevent bursting. Compaction was done by hand using a solid 
wood tamp 2 inches in diameter. 
Initially the soil gas was analyzed without any plants 
growing in the containers. After 3 weeks, the soil was water 
saturated and corn was planted in each container. The plants 
which emerged were thinned to one plant per container. Soil 
gas analyses were made periodically during a period of 6 
weeks following planting of the corn. Root distribution as 
seen through the Plexiglas containers were photographed 
during this period. 
Materials and Procedures 
Gas chromatograph and recorder 
A Beckman Gas Chromatograph, Model GC-2, purchased from 
E. H. Sargent and Company (4647 West Foster Avenue, Chicago 
30, Illinois), was used in this investigation in conjunction 
with a Sargent Recorder, Model SR-30. The sample inlet 
system of the chromatograph was modified so that the gas 
sample could be inserted directly into the gas column. The 
column used for oxygen and nitrogen determinations was made 
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from copper tubing 1/4-inch inside diameter and 48 inches 
long which was hand packed with 30- to 40-mesh Linde 4-A 
molecular sieve. The carbon dioxide column was made from the 
same copper tubing 18 inches in length and packed with 30- to 
60-mesh silica gel. The carrier gas was helium. Modification 
of the sample inlet system and packing of the gas columns was 
done by Joe T. Ritchie, a graduate assistant in the Iowa 
State University Department of Agronomy. 
Plexiglas cylinders and gas sampling equipment 
The Plexiglas cylinders used in this study were made from 
1/8-inch wall cast acrylic tubing of either 6-, 5-1/2-, or 
5-inch diameter. The bottom was constructed of 1/8-inch clear 
Plexiglas sheet which was cemented to the tubing using PS-IS"*" 
cement. All cylinders were 10 inches tall. 
The special gas sampling tubes were constructed of 0.02-
inch inside diameter copper tubing which was soldered to 1/8-
inch brass compression unions. The unions accommodated a 
rubber septum which made the sampling system gas tight and 
served to permit gas to be extracted using the syringe. 
Details of the sampling tubes are shown in Figure 18. The 
tips of the copper tubes were shaped to a point. A notch cut 
^A product of Chemical Development Company, Danvers, 
Massachusetts which was purchased from Van Horn Plastics, 
1017 High Street, Des Moines, Iowa. 
Figure 18. Gas sampling tubes and syringe used to 
obtain soil gas samples 
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into the side of the tubes served as the gas inlet port. The 
total gas volume of the sampling tubes was less than 0.12 
cubic centimeters. The gas sampling tubes were designed by 
Joe T. Ritchie, a graduate assistant in the Iowa State Univer­
sity Department of Agronomy. Location of the gas sampling 
tubes in the Plexiglas cylinders is shown in Figure 19. 
The gas sample was extracted from the sampling tubes 
using a gas tight syringe with a Chaney adapter"*". The 
syringe is shown in Figure 18. 
Compaction method 
A weighed amount of air-dry soil which had passed through 
a 2 millimeter sieve was moistened to 20 percent by weight, 
thoroughly mixed, and compacted into Plexiglas cylinders 
using a wooden tamp. Compaction treatments consisted of dry 
bulk densities of 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, and 1.7 g/cm . 
Instrument calibration 
Standard gas mixtures, consisting of the following gases, 
Mixture Oxygen Carbon dioxide Nitrogen 
1 
2 
3 
4 
4.40* 
10.30* 
14.75% 
18.65% 
0.54% 
0.12% 
0.99% 
5.03% 
95.06% 
89.58% 
84.26% 
76.32% 
^Purchased from Hamilton Company, Inc., P. 0. Box 307, 
"Whittier, California. 
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were purchased from The Matheson Company, Inc. (p. 0. Box 966, 
Joliet, Illinois). These mixtures were analyzed by The 
Matheson Company so that their composition was known quite 
accurately. These mixtures were chosen to correspond closely 
with the expected concentration of oxygen and carbon dioxide 
in the soil air. 
From these standard gas mixtures, calibration curves 
were prepared for these three gases giving peak height and 
gas concentration for a particular instrument setting. 
Gas sampling and analysis procedure 
Using the gas tight syringe, approximately one cubic 
centimeter of gas was extracted from the sampling tube and 
discarded. Then an additional cubic centimeter of gas was 
extracted using the syringe and used as the sample. 
Immediately after extraction, the gas sample was in­
jected into the gas column through the inlet septum using the 
syringe. The attenuator was adjusted so that maximum peak 
height could be obtained without going off the recorder 
chart. Instrument settings most commonly used for a carrier 
O 
gas pressure of 20 lbs/in of helium were 300 milliamperes of 
current for carbon dioxide and 230 milliamperes for oxygen 
and nitrogen. The instrument gas column temperature was 70°C 
for carbon dioxide and 40°C for oxygen and nitrogen. 
Gas concentrations were determined from the peak heights 
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using the appropriate calibration curves. 
Corn root distribution 
The Plexiglas cylinders were photographed on September 
4, 1962) to show the distribution of corn roots according to 
compaction treatment. 
Results 
Concentration of oxygen and carbon dioxide in soil air 
The concentration of oxygen and carbon dioxide in soil 
air extracted at three depths from cylinders containing soil 
compacted to several densities is shown in Table 16. The 
air filled porosity of the soil in the cylinders was calcu­
lated for the approximate time of the gas analysis. 
The decrease in oxygen concentration and striking in­
crease in carbon dioxide concentration of soil air removed 
from cylinders compacted to a density of 1.4 g/cm or greater 
suggests a sort of critical pore geometry or pore space as 
far as gas movement in this soil is concerned. 
It is interesting to note that the air filled porosity 
of soil compacted to a bulk density of 1.4 g/cm or greater 
was generally less than 15 percent for the given moisture 
content. According to Vomocil and Blocker (42) a pore space 
of less than approximately 15 percent is likely to cause 
reduced plant growth. 
/ 
Table 16. Concentration of oxygen and carbon dioxide in soil air at three depths 
for several compaction treatments during 1962 
Cyl. Dry Moisture Air Depth Oxygen Carbon Oxygen Carbon 
no. bulk content filled dioxide dioxide 
density by volume porosity (8/3) (8/6) ' (8/23) (8/22) 
gm/cm^ percent percent inches percent3 percent3 percent3 percent3 
1 1.20 24.6 33.0 2 18.4 0.06 18.1 0.09 
4 18.4 0.07 18.1 0.15 
6 18.2 0.09 18.0 0.21 
2 1.30 26.1 24.9 2 17.9 0.19 18.5 0.25 
4 18.1 0.25 18.4 0.36 
6 18.1 0.35 17.9 0.54 
3 1.41 26.8 20.0 2 18.2 0.18 17.3 0.31 
4 18.1 0.28 17.8 0.26 
6 16.2 1.39 16.1 0.84 
4 1.53 28.3 14.0 2 18.1 0.38 18.6 0.30 
4 14.8 7.09 14.9 4.92 
6 8.9 7.74 16.1 3.19 
5 1.60 28.5 11.2 2 18.0 0.39 15.6 0.32 
4 15.1 3.55 14.1 7.65 
6 7.3 6.72 9.4 16.00 
6 1.70 28.0 7.9 2 — 0.31 — 1.68 
4 - 1.87 - -
6 - 14.00 - -
aMissing data, due to inability to obtain gas samples, are indicated by 
dashes. 
Table 16. (Continued) 
Cyl. Dry Moisture Air Depth 
no. bulk content filled 
density by volume porosity 
gm/cm percent percent inches 
7 1.10 22.6 35.9 2 
4 
6 
8 1.20 24.4 33.2 2 
4 
6 
9 1.30 27.2 23.8 2 
4 
6 
10 1.39 26.4 21.2 2 
4 
6 
11 1.50 29.0 14.4 2 
4 
6 
12 1.60 32.3 7.4 2 
4 
6 
13 1.70 30.2 5.7 2 
4 
6 
14 1.10 21.1 37.4 2 
4 
6 
Oxygen 
(8/3) 
percent3 
18.4 
18.7 
18.6 
18.3 
18.3 
18.1 
18.2 
18.1 
17.9 
18.0 
18.0  
18.5 
17.6 
15.4 
13.8 
18.1 
16.4 
15.6 
17.2 
11.4 
6.5 
18.2 
18.2 
18.2 
Carbon 
dioxide 
(8/6) 
percent3 
0.08 
0.10  
0.14 
0.16 
0 .11  
0.20 
0 .21  
0.20 
0.40 
0.22 
0.38 
0.83 
0.41 
3.08 
3.20 
0.81 
1.40 
2.02 
1 .60  
7.23 
9.96 
0.05 
0 .08  
0 .10  
Oxygen 
(8/23) 
percent3 
17.4 
17.5 
17.4 
17.4 
17.3 
17.3 
17.1 
17.1 
16.7 
17.0 
16 .8  
16.1  
16.8 
11.7 
12.0 
10.3 
6 . 2  
17.1 
17.0 
16.8  
Carbon 
dioxide 
(8/22) 
percent3 
0.14 
0.16 
0.22 
0.14 
0 .16  
0.40 
0.29 
0.30 
0.58 
0 .18  
0.49 
0.80 
1.10 
7.57 
6.86 
6.93 
13.90 
14.80 
1.82 
13.50 
0.18 
0 . 1 2  
0 .16  
Table 16. (Continued) 
Cyl. Dry Moisture Air Depth Oxygen Carbon Oxygen Carbon 
no. bulk content filled dioxide dioxide 
density by volume porosity (8/3) (8/6) (8/23) (8/22) 
gm/cm^ percent percent inches , a percent percent3 percent3 percent3 
15 
o
 
i— 1 •—1 
21.0 37.5 2 18.4 0.18 17.1 0.09 
4 18.5 0.11 17.1 0.14 
6 18.4 0.12 - -
16 1.20 22.0 35.6 2 18.9 0.10 17.1 0.09 
4 18.2 0.10 17.3 0.12 
6 18.3 0.13 17.0 0.16 
17 1.30 25.2 
00 if) CM 
2 18.2 0.11 17.4 0.15 
4 18.2 0.18 17.2 0.26 
6 18.0 0.28 17.1 0.42 
18 1.40 27.7 19.5 2 17.1 0.19 17.1 0.40 
4 18.0 0.29 15.2 0.51 
6 17.9 0.43 16.7 1.09 
19 1.50 30.6 12.8 2 16.4 1.17 16.8 1.74 
4 16.2 0.78 16.3 2.44 
6 16.8 1.32 15.5 3.27 
20 1.60 30.6 9.1 2 - 0.73 — — 
4 - 1.33 - -
6 - 1.40 - -
21 1.70 
i—1 «—
I 
CO 
4.8 2 
4 
-
-
- -
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Corn root distribution 
The distribution of corn roots growing in soil compacted 
to several bulk densities as photographed through the Plexi­
glas cylinder walls is shown in Figure 20. Cylinders number 
11 and 12 of bulk densities 1.5 and 1.6 g/cm , respectively, 
were inadvertently omitted during the photographing. However, 
the root distribution in these cylinders was similar to other 
cylinders of the same compaction level. 
Although very little difference in root distribution can 
be seen in Figure 20 among compaction treatments of bulk 
densities less than 1.4 g/cm , one should note that for com-
paction treatments greater than 1.4 g/cm corn root penetra­
tion was limited to the upper few inches of soil. Almost no 
roots are visible in the cylinders packed to a bulk density 
of 1.7 g/cm . 
Discussion 
The gas chromatograph was successfully used in this 
study of the effect of soil compaction on soil gas composi­
tion. For the Webster clay loam soil used in this investiga­
tion, it was found that compaction of this soil to bulk 
densities in excess of 1.4 g/cm caused significant changes 
in the composition of the soil air. From Table 16 it can be 
seen that oxygen concentration of the soil air decreased and 
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carbon dioxide concentration increased to a level of 3 to 12 
percent when the soil was compacted to bulk densities greater 
than 1.4 g/cm . This observation could be explained on the 
basis of restricted oxygen diffusion into the soil and ac­
cumulation of carbon dioxide within the soil; however, such 
explanation requires a sink for oxygen and a source for 
carbon dioxide. Apparently then, the microbiological activity 
has been affected by the compaction. One would expect aerobic 
microbial activity to be significantly reduced as oxygen con­
centration decreases. This explanation is in harmony with 
the observation at the end of the growing season of undecom-
posed plant material throughout the root profile of the 
severe compaction plots of Field Investigation II. Accumula­
tion of carbon dioxide could still occur due to restricted 
diffusion even though the rate of microbial activity de­
creased. 
Results of the root distribution study, as seen in 
Figure 20, show, as did the root distribution study in Field 
Investigation II, that when this Webster clay loam is com-
g 
pacted to bulk densities in excess of 1.4 g/cm serious 
restriction of corn root growth and penetration can be 
expected. 
Figure 20. Corn root distribution as seen through 
Plexiglas cylinders packed with Webster 
clay loam soil to different bulk densities 
Cylinder 
1 
2 
3 
4 
5 
6 
13 
14 
15 
Soil 
bulk density 
g/cm^ 
1.20 
1.30 
1.41 
1.53 
1.60 
1.70 
1.70 
1.10 
1.10 
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Figure 20. (Continued) 
Cylinder 
Soil 
bulk density 
g/cm3 
16 1.20 
17 1.30 
18 1.40 
19 1.50 
7 1.10 
8 1.20 
9 1.30 
10 1.39 
20 1.60 
21 1.70 
Ill 
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TORSION SHEAR TEST 
The prediction of an expected range of mechanical im­
pedance to plant roots may be possible in terms of soil 
strength. Of the methods available for measuring soil 
strength, the penetrometer and shear methods seem most ap­
plicable for agronomic purposes. Recently Phillips and 
Kirkham (22, 23) studied mechanical impedance of corn 
seedling roots using the depth of penetration of a needle 
penetrometer as a measure of soil resistance to root penetra­
tion. They found that the rate of corn seedling root elonga­
tion decreased linearly with decreased penetration of a 
needle penetrometer into artificially compacted samples of 
Colo clay. 
In order to investigate mechanical impedance further, 
it was decided to apply a torsion shear test to compacted 
soil cores to obtain a measure of soil strength developed by 
compaction. These strength measurements could be used to 
estimate the effect of compaction upon the operation of 
tillage implements or indirectly as a measure of root im­
pedance. 
The torsion shear test used in this study was developed 
recently by Schafer (33). In this test, a cylindrical soil 
sample is held between two cups, one over each end, and an 
axial load is applied to produce a normal stress on the plane 
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of separation between cups. The device used permits one 
to apply measurable shear to the soil core. The torque at 
which the applied shear ruptures the core can then be used to 
calculate the soil shearing strength, S , using the equation 
Sm = 3 M/2 tt r^ 
where M is the applied torque and r is the radius of the soil 
sample. Derivation of this equation and the assumptions 
implicit in its use can be found in Schafer's (33) work. 
Materials and Procedures 
Equipment 
The items of equipment needed to conduct the torsion 
shear test are a shearing device, torsion shearing cups, 
recording equipment, an electric power supply, and cylinders 
for preparing the soil cores. Some of this equipment is 
shown in Figures 12, 16, 26, and 27 of Schafer's (33) thesis. 
Soil core preparation 
The soil cores used in the torsion shear test were pre­
pared by tamping a weighed amount of moist Webster clay loam 
soil which had been passed through a 2 millimeter screen into 
aluminum cylinders 3 inches in diameter and 3 inches long. 
Cores were prepared with dry bulk densities of 1.1, 1.2, 1.3, 
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q 
1.4) 1.5) 1.6, and 1.7 g/cm . The moisture content at the 
time of compaction was 20 percent on any oven-dry weight 
basis. 
Results 
Shearing strength 
Results of the torsion shear test are shown in Figure 
21 where the average shearing torque has been plotted against 
the soil bulk density. The normal force applied was approxi­
mately one pound per square inch. 
Some data points are missing because not all cores pre­
pared were suitable for measurement. Difficulty was encoun­
tered in getting the highly compacted cores out of the 
aluminum cylinders and, as a result, some of these cores were 
damaged. The low density soil cores tended to fall out of 
the cylinders. 
Discussion 
The strength of Webster clay loam soil used in this 
study, as measured in inch-pounds of shearing torque, in­
creased essentially linearly, as seen in Figure 21, except 
for a small S-effect over the range of bulk densities of 1.1 
q 
to 1.7 g/cm . In this experiment the moisture content of the 
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Figure 21 Shearing torque versus soil bulk density as 
determined by a torsion shear test 
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cores was held constant. It can be seen from Figure 21 that 
compaction increased the soil strength about six times over 
the range of compaction studied. This increase in soil 
strength due to compaction should be important to plant root 
penetration and would increase the work required in soil 
tillage. 
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SUMMARY AND CONCLUSIONS 
Laboratory and field investigations were conducted to 
determine the effect of soil compaction on corn growth under 
controlled moisture conditions. Moisture control in the 
field was accomplished using an automatic plot shelter to 
keep rainfall off the plot area. 
As used in this investigation, soil compaction may be 
defined as the packing together of soil particles resulting 
in an increase in bulk density by a reduction of pore space. 
Soil compaction in the field was artificially imposed by tamp­
ing a given weight of soil into a container of known volume. 
Field soil moisture conditions were monitored during the 
growing season using the neutron scattering technique. Soil 
moisture conditions in the laboratory were determined by 
weight. 
The importance of soil compaction as related to plant 
growth depends mainly upon the effect which compaction has on 
the soil pore system, on storage and movement of air and 
water, on soil temperature, and on soil strength. The 
general inseparability of these effects has served to 
complicate soil compaction investigations. 
Three field investigations were conducted using corn as 
the test plant. Corn growth was studied on Webster clay loam 
under two moisture regimes and over a wide range of compaction 
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3 levels, from a bulk density of 1.05 to 1.70 g/cm . Corn 
growth and yields were found to be significantly reduced when 
the soil bulk density exceeded approximately 1.40 g/cm . Like­
wise, at about the same compaction level, oxygen diffusion was 
found to decrease to a rate less than had previously been re-
_o O 
ported as limiting to plant growth, about 20 x 10 g/cm /min. 
Holes drilled into compact soil to serve as channels for 
root penetration and as aeration ports were found to be inef­
fective in eliminating the deleterious effects of compaction. 
Non-optimum moisture conditions along the walls of the holes 
may have caused the observed results. 
Laboratory investigations were made to obtain additional 
information on the effect of soil compaction on oxygen diffu­
sion, soil air composition, and soil strength. Soil compac­
tion was found to reduce sharply the rate of oxygen diffusion. 
Using a gas chromatograph, the oxygen concentration of soil 
air was found to decrease with increasing soil compaction and 
the concentration of carbon dioxide was found to increase to 
a level of from 3 to 12 percent at high levels of compaction. 
This effect may be related to a critical air filled porosity 
of about 12 percent. Undoubtedly, microbiological activity 
was the source of carbon dioxide. 
Using a torsion shear test as a measure of the shearing 
strength of soil, compaction was found to increase the shear­
ing strength about six times as bulk density was increased 
119 
O 
from 1.1 to 1.7 g/cm with moisture percentage held constant. 
This increase in soil shearing strength upon compaction may 
indicate an increase in impedance of corn roots. 
The general conclusion which emerges from this study is 
that, although it may be possible to establish a threshold 
bulk density for a given soil above which plants grow poorly, 
the net plant growth will probably be a result of the inte­
grated effect of oxygen diffusion, soil moisture characteris­
tics, and soil strength, assuming no factor limiting. 
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APPENDIX 
O 
Dry bulk density (g/cm ) of compaction plots 
measured with surface radiation probes on three 
dates in 1959 
Treatment May 11 June 19 July 28 
Ck 
CI 
I 
C 
1.27 
1.39 
1 . 1 2  
1.32 
1.23 
1.45 
1.14 
1.41 
1.27 
1.39 
1.32 
1.40 
C 
I 
CI 
Ck 
1.46 
1.17 
1.28  
1 .28  
1.44 
1.21 
1.41 
1.18 
1.44 
1.28 
1.43 
1.25 
Ck 
I 
CI 
C 
1.27 
1.20 
1.39 
1.35 
1.17 
1 . 2 2  
1.46 
1.43 
1.23 
1.23 
1.40 
1.34 
I 
Ck 
C 
CI 
1.26 
1.26 
1.46 
1.47 
1.23 
1 . 2 1  
1.47 
1.53 
1.32 
1 .22  
1.36 
1.35 
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Table 18. Corn plant heights3. (cm) measured at four dates 
during 1959 
Plot Treatment June 25 July 6 July 27 Sept. 15 
1 Ck 72.1 103.6 137.7 140.5 
2 CI 66.8 100.1 136.4 165.4 
3 I 74.7 105.9 144.3 158.2 
4 C 62.2 89.9 129.5 143.8 
5 C 61.5 88.4 124.5 135.2 
6 I 74.2 103.9 140.7 150.6 
7 CI 66.5 98.0 143.8 144.0 
8 Ck 71.6 98.6 143.0 141.0 
9 Ck 72.4 101.1 135.9 147.6 
10 I 76.2 104.6 138.2 151.6 
11 CI 67.8 101.0 151.1 163.6 
12 C 66.0 88.6 135.6 149.9 
13 I 77.2 101.9 143.0 154.9 
14 Ck 77.0 97.3 126.7 139.7 
15 C 61.0 84.3 129.0 129.0 
16 CI 65.5 94.0 144.8 146.8 
aEach value in this table is the average of six indi­
vidual plant measurements taken at random from the center two 
rows of each plot. 
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Table 19. Nitrogen, phosphorus, and potassium percentage of 
ten corn leaves sampled at silking in 1959 
Plot Treatment Dry-
weight 
9 
1 Ck 30.9 
2 CI 33.5 
3 I 35.2 
4 C 28.3 
5 C 25.8 
6 I 34.9 
7 CI 32.4 
8 Ck 27.3 
9 Ck 31.4 
10 I 29.8 
11 CI 31.8 
12 C 29.7 
13 I 33.1 
14 Ck 26.6 
15 C 27.9 
16 CI 29.4 
N P K 
percent percent percent 
2.2 0.36 1.8 
2.6 0.34 1.7 
1.9 0.31 1.8 
2.5 0.33 2.0 
2.5 0.31 2.1 
2.3 0.36 2.1 
2.3 0.33 1.8 
2.1 0.33 2.3 
2.1 0.33 1.7 
1.6 0.33 2.0 
2.2 0.36 2.0 
2.3 0.30 2.1 
2.3 0.35 1.9 
1.8 0.29 2.0 
2.3 0.31 1.9 
2.0 0.35 2.2 
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Table 20. Average dry weight (g) of corn roots in two 3 inch 
cores taken from each plot in 1959 
3lot Treatment Depth in inches Total 
0-3 3-6 6-9 9-15 
1 Ck 1.41 0.22 0.10 0.06 1.79 
2 CI 2.99 0.14 0.04 0.03 3.20 
3 I 1.63 0.72 0.11 0.10 2.56 
4 C 2.20 0.17 0.07 0.04 2.48 
5 C 3.31 0.16 0.04 0.07 3.58 
6 I 2.92 0.17 0.06 0.04 3.19 
7 CI 1.11 0.12 0.05 0.08 1.36 
8 Ck 1.40 0.27 0.14 0.06 1.87 
9 Ck 1.04 0.30 0.12 0.07 1.53 
10 I 1.28 0.22 0.08 0.03 1.61 
11 CI 1.48 0.21 0.04 0.06 1.79 
12 C 1.64 0.15 0.04 0.04 1.87 
13 I 2.38 0.30 0.09 0.14 2.91 
14 Ck 2.23 0.20 0.08 0.05 2.56 
15 C 1.83 0.13 0.07 0.04 2.07 
16 CI 1.64 0.10 0.06 0.03 1.83 
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Table 21. Dry bulk density (g/cm ) determined by radiation 
probes at the time of compaction for all cans used 
in Field Investigation II 
Can no.a Soil depth in inches Mean 
8 16 24 
1 1.54 1.43 1.50 1.49 
2 1.37 1.46 1.52 1.45 
3 1.52 1.38 1.43 1.44 
4 1.28 1.43 1.45 1.39 
5 1.40 1.50 1.47 1.46 
6 1.33 1.39 1.53 1.42 
7 1.47 1.41 1.46 1.45 
8 1.50 1.38 1.56 1.48 
9 1.34 1.51 1.37 1.41 
10 1.34 1.36 1.40 1.37 
11 1.51 1.36 1.55 1.47 
12 1.44 1.52 1.55 1.50 
13 1.30 1.36 1.50 1.39 
14 1.47 1.53 1.52 1.51 
15 1.34 1.34 1.38 1.35 
16 1.44 1.38 1.40 1.41 
17 1.39 1.49 1.39 1.42 
18 1.39 1.39 1.38 1.39 
19 1-.51 1.37 1.39 1.42 
20 1.43 1.42 1.44 1.43 
21 ' 1.45 1.38 1.38 1.40 
22 1.50 1.37 1.48 1.45 
23 1.68 1.66 1.69 1.68 
24 1.64 1.67 1.69 1.67 
25 1.56 1.64 1.62 1.61 
26 1.68 1.61 1.73 • 1.67 
27 1.62 1.64 1.67 1.64 
28 1.54 1.61 1.71 1.62 
29 1.62 1.70 1.71 1.68 
30 1.57 1.58 1.63 1.59 
^Identification key for can numbers and treatments is 
given in Table 23. 
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Table 21. (Continued) 
Can no.a Soil depth in inches Mean 
8 16 24 
31 1.61 1.59 1.70 1.63 
32 1.50 1.53 1.72 1.58 
33 1.52 1.72 1.69 1.64 
34 1.57 1.49 1.62 1.56 
35 1.61 1.61 1.65 1.62 
36 1.48 1.64 1.70 1.61 
37 1.53 1.66 1.67 1.62 
38 1.72 1.72 1.72 1.72 
39 1.52 1.54 1.61 1.56 
40 1.64 1.60 1.75 1.66 
41 1.62 1.70 1.67 1.66 
42 1.49 1.62 1.70 1.60 
43 1.54 1.69 1.68 1.64 
44 1.49 1.55 1.66 1.57 
45 1.59 1.67 1.69 1.65 
46 1.54 1.61 1.71 1.62 
47 1.33 1.40 1.37 1.37 
48 1.51 1.43 1.43 1.46 
49 1.21 1.33 1.24 1.26 
50 1.25 1.33 1.24 1.27 
51 1.25 1.24 1.25 1.25 
52 1.21 1.21 1.26 1.23 
53 1.27 1.24 1.25 1.25 
54 1.26 1.29 1.26 1.27 
55 1.24 1.27 1.23 1.25 
56 1.30 1.19 1.26 1.25 
57 1.23 1.30 1.28 1.27 
58 1.26 1.24 1.25 1.25 
59 1.22 1.24 1.27 1.24 
60 1.26 1.23 1.24 1.24 
61 1.27 1.26 1.27 1.27 
62 1.30 1.27 1.28 1.28 
63 1.23 1.24 1.22 1.23 
64 1.27 1.24 1.24 1.25 
65 1.23 1.20 1.30 1.24 
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Table 21. (Continued) 
Can no.a Soil depth in inches Mean 
~8 16 24 
66 1.26 1.27 1.21 1.25 
67 1.23 1.19 1.19 1.20 
68 1.27 1.26 1.27 1.27 
69 1.26 1.25 1.25 1.25 
70 1.29 1.28 1.23 1.27 
71 1.30 1.22 1.23 1.25 
72 1.21 1.30 1.27 1.26 
73 1.04 1.10 1.11 1.08 
74 1.05 1.04 1.06 1.05 
75 1.03 1.035 1.015 1.03 
76 1.04 1.05 1.02 1.04 
77 1.08 1.04 1.04 1.05 
78 1.04 1.00 1.08 1.04 
79 1.02 1.04 1.07 1.04 
80 1.04 1.04 1.07 1.05 
81 1.02 1.01 1.04 1.02 
82 1.00 1.08 1.01 1.03 
83 1.05 1.03 1.05 1.04 
84 1.02 1.03 1.04 1.03 
85 1.04 1.07 1.05 1.05 
86 1.04 1.07 1.05 1.05 
87 1.03 1.04 1.03 1.03 
88 1.00 1.03 1.05 1.03 
89 1.01 1.12 1.07 1.07 
90 1.04 1.02 1.07 1.04 
91 1.06 1.07 1.09 1.07 
92 1.00 1.07 1.08 1.05 
93 1.01 1.05 1.07 1.04 
94 1.08 1.04 1.06 1.06 
95 1.02 1.09 1.06 1.06 
96 1.07 1.07 1.10 1.08 
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Table 22. Weekly corn heights (cm) for Field Investigation 
II 
Can 
no.a 
6/29 7/6 7/13 7/20 7/27 8/3 8/10 8/1 
1 17 26 42 69 102 133 146 164 
2 19 35 48 66 102 121 141 156 
3 18 28 45 70 113 144 166 181 
4 18 31 45 70 104 121 138 148 
5 18 23 40 74 102 115 137 146 
6 19 26 44 73 115 135 150 173 
7 19 24 41 58 81 98 110 124 
8 16 30 36 41 60 82 99 113 
9 18 3CT 46 75 100 126 137 162 
10 19 31 . 47 74 109 125 141 154 
11- 17 27 43 63 104 123 137 148 
12 17 21 37 64 100 106 127 137 
13 16 27 47 69 100 121 142 157 
14 17 25 43 70 100 127 148 160 
15 19 31 45 74 106 123 146 161 
16 19 28 47 74 117 152 172 189 
17 17 31 46 71 94 126 140 161 
18 18 34 51 70 99 124 141 156 
19 18 32 44 74 99 130 152 166 
20 19 32 49 65 102 124 144 151 
21 21 29 50 70 102 125 140 155 
22 15 22 42 58 72 114 137 158 
23 13 19 30 40 62 76 86 94 
24 12 19 25 33 42 48 57 62 
25 14 21 32 52 80 91 107 110 
26 15 16 24 38 49 59 68 73 
27 16 21 33 48 70 86 95 106 
28 17 22 33 41 59 73 • 81 86 
29 13 18 26 38 53 70 79 86 
30 15 24 30 41 70 89 99 99 
^Identification key for can numbers and treatments is 
given in Table 23. 
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Table 22. (Continued) 
Can 
no.a 
6/29 7/6 7/13 7/20 7/27 8/3 8/10 8/1" 
31 13 29 30 40 48 59 67 72 
32 13 17 26 35 43 61 76 78 
33 16 21 29 43 66 89 101 112 
34 12 20 24 33 58 66 79 79 
35 11 15 19 28 31 37 47 56 
36 11 20 22 31 46 57 69 73 
37 13 19 27 33 48 58 66 68 
38 14 ' 18 23 30 43 57 69 74 
39 14 20 30 40 58 77 89 98 
40 16 23 29 45 75 93 109 • 112 
41 18 26 38 58 76 95 102 111 
42 13 23 27 43 ' 69 75 92 96 
43 14 22 27 36 66 76 88 92 
44 15 22 27 38 72 77 90 90 
45 17 20 24 39 65 76 95 96 
46 15 20 27 39 65 75 88 93 
47 18 28 52 66 100 129 149 165 
48 19 30 42 66 120 133 155 174 
49 15 23 28 47 91 130 151 165 
50 20 35 55 68 114 144 166 183 
51 18 26 53 84 106 137 156 169 
52 19 26 40 69 109 134 154 166 
53 18 29 46 66 97 129 151 159 
54 18 31 47 70 102 124 142 152 
55 18 32 43 71 109 125 144 145 
56 18 26 42 77 108 136 158 171 
57 19 31 52 79 121 145 162 182 
58 15 27 38 68 104 119 140 151 
59 19 26 34 70 113 135 152 165 
60 18 27 44 63 95 117 140 148 
61 16 27 40 63 100 119 143 170 
62 19 30 49 77 114 143 164 173 
63 22 36 59 69 113 133 153 171 
64 19 32 49 70 102 124 144 151 
65 19 30 44 70 102 116 135 144 
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Table 22. (Continued) 
Can 
no.a 6/29 7/6 7/13 7/20 7/27 8/3 8/10 
'
—
1 X
 
CO 
66 18 30 49 73 107 127 146 154 
67 20 29 48 81 123 136 -^l 54— *— 
-.16.5 
68 19 32 47 85 114 150 170 177 
69 18 31 47 69 102 124 147 156 
70 19 29 51 72 110 133 152 176 
71 20 33 46 82 120 158 178 193 
72 18 34 56 73 101 129 153 159 
73 20 31 49 77 122 151 172 181 
74 19 32 52 77 133 160 179 195 
75 18 29 48 81 130 157 178 193 
76 18 31 50 83 126 163 182 191 
77 19 31 50 68 100 127 149 155 
78 15 32 50 82 135 167 187 198 
79 20 34 47 61 100 123 147 161 
80 18 30 48 74 113 133 159 160 
81 18 32 50 71 98 123 144 161 
82 21 34 53 69 99 131 152 163 
83 19 30 47 72 110 136 161 173 
84 17 29 46 67 100 125 147 153 
85 18 31 48 71 100 129 154 164 
86 16 30 37 66 100 132 157 165 
87 18 28 46 77 114 164 188 197 
88 18 33 54 81 131 155 178 187 
89 20 34 55 79 134 164 177 183 
90 19 33 58 86 132 171 179 203 
91 24 38 66 99 146 178 195 202 
92 19 35 57 90 138 163 178 189 
93 19 37 56 79 108 128 150 164 
94 21 38 60 91 136 171 183 194 
95 20 38 55 69 101 135 155 165 
96 20 33 51 66 100 131 156 166 
co~ 
73 
74 
75 
76 
78 
87 
88 
89 
90 
91 
92 
94 
135 
23. Identification key for can numbers and treatments 
of Field Investigation II 
VH C2-H 0
 
G
O
 1 X C0"L CJ^-L C2-L C3~ 
50 1 23 77 49 2 25 
51 3 24 79 53 4 30 
52 6 26 80 54 5 33 
56 7 27 81 55 10 34 
57 8 28 82 58 11 36 
59 9 29 83 60 12 38 
62 14 31 84 61 13 40 
63 16 32 85 64 15 42 
67 17 35 86 65 18 43 
68 22 37 93 66 19 44 
70 47 39 95 69 20 45 
71 48 41 96 72 21 46 
